Abstract Congenital diaphragmatic hernia (CDH) is characterized by incomplete formation of the diaphragm occurring as either an isolated defect or in association with other anomalies. Genetic factors including aneuploidies and copy number variants are important in the pathogenesis of many cases of CDH, but few single genes have been definitively implicated in human CDH. In this study, we used whole exome sequencing (WES) to identify a paternally inherited novel missense GATA4 variant (c.754C[T; p.R252W) in a familial case of CDH with incomplete penetrance. Phenotypic characterization of the family included magnetic resonance imaging of the chest and abdomen demonstrating asymptomatic defects in the diaphragm in the two ''unaffected'' missense variant carriers. Screening 96 additional CDH patients identified a de novo heterozygous GATA4 variant (c.848G[A; p.R283H) in a non-isolated CDH patient. In summary, GATA4 is implicated in both familial and sporadic CDH, and our data suggests that WES may be a powerful tool to discover rare variants for CDH.
Introduction
Congenital diaphragmatic hernia (CDH) is characterized by incomplete formation of the posterolateral diaphragm, resulting in herniation of abdominal viscera into the chest cavity. It affects approximately 1 in 3,000 births (Pober et al. 1993) , and is often associated with life-threatening lung hypoplasia and pulmonary hypertension. CDH can occur either as an isolated defect or in association with other anomalies. Rare monogenic forms of CDH in humans and mice and certain chromosomal anomalies associated with CDH suggest that genetic factors are important in the pathogenesis of many cases of CDH (Brady et al. 2011; Holder et al. 2007; Scott 2007; Yu et al. 2012) .
Genes involved in the development of CDH have been identified largely through the analysis of recurrent chromosomal anomalies in humans with CDH and the characterization of mutant mouse models Castiglia et al. 2005; Jay et al. 2007; Klaassens et al. 2005; Shimokawa et al. 2005; Wat et al. 2009; You et al. 2005) . However, in light of the sporadic nature of most CDH cases and low rates of survival in previous generations allowing patients with CDH to reproduce, family-based genetic methods of linkage analysis have been difficult due to the small number of familial cases and limited sizes of these families. Whole exome sequencing (WES) provides a powerful tool to detect pathogenic genetic variations in rare Mendelian disorders. In the present study, we report the identification of a novel GATA binding protein 4 (GATA4, NM_002052, NP_002043) variant in a familial case of CDH using WES, and identification of a de novo GATA4 variant in sporadic CDH.
Methods

Subjects
Patients with CDH were recruited as part of the DHRE-AMS (Diaphragmatic Hernia Research & Exploration; Advancing Molecular Science) study (www.cdhgenetics. com/), approved by the Institutional Review Boards at Columbia University, Washington University Medical Center/St. Louis Children's Hospital, University of Pittsburgh, Cincinnati Children's Hospital and Medical Center/ University of Cincinnati, Omaha Children's Hospital/University of Nebraska, University of Michigan/CS Mott Children's Hospital and Vanderbilt University (Yu et al. 2012) . Clinical information was extracted from the medical record by study coordinators. Isolated CDH was defined as a CDH without an associated major birth defect. Pulmonary hypoplasia, cardiac displacement and intestinal herniation were considered to be part of the diaphragm anomaly sequence and not additional malformations. Informed consent was obtained from parents or guardians.
Genomic DNA was extracted from whole blood or saliva using a DNA extraction kit (Gentra DNA isolation kit; Qiagen, Valencia, CA) or Oragene DNA (DNA genotek, Ontario, CA).
Chromosomal microarray analysis
Genome-wide SNP genotyping was performed in all probands using Affymetrix 6.0 and analyzed by PennCNV (Wang et al. 2007 ) to detect copy number variants (CNVs). Subjects with pathogenic CNVS or chromosomal anomalies were identified (Yu et al. 2012 ) and were excluded from this study.
Exome analysis
Genomic DNA (3 lg) from proband IV.1 was fragmented and exons were captured using the Agilent SureSelect TM Human All Exon kit. The captured DNA was sequenced with 100 bp paired-end reads on an Illumina HiSeq 2000, according to the manufacturer's protocol.
High quality sequencing reads were aligned to the human reference genome sequence human assembly hg19 using BWA (Version 0.5.9) (Li and Durbin 2009) , allowing up to five mismatched, inserted or deleted bases (indels). GATK (Unified genotyper; version 1.0) was used to refine local alignment of reads, recalibrate base quality score, and call variants (single nucleotide variants (SNVs)/indels) within targeted regions. In addition to the default filters in GATK, variants were further filtered by genotype minimum quality of 30, minimum quality over depth of 5, minimum strand bias -0.10, and maximum fraction of reads with mapping quality of zero at 10 %.
The identified variants were annotated based on dbSNP135 (http://www.genome.ucsc.edu/cgi-bin/hgGateway). The 1000 genome project (www.1000genomes.org/) and The NHLBI Exome Variant Server (EVS) (http://evs.gs.washington. edu/EVS/) were then used to filter polymorphisms. Homozygous variants were filtered based upon the assumption that the variant was autosomal dominantly inherited.
Functional impact predictions
The predicted functional impacts of amino acid substitutions in proteins and degree of cross-species conservation were used to filter and prioritize the novel/rare variants. For filtering purpose, we applied SIFT (Kumar et al. 2009 ) (http://sift.jcvi.org/, GRCh 37 Ensembl 63) and PolyPhen2 (Adzhubei et al. 2010 ) (http://genetics.bwh.harvard.edu/ pph2/, GRCh37, HumVar classifier). Those variant sites predicted to be tolerated/benign by both of these tools were eliminated. After filtering, additional prediction tools were then applied to obtain more detailed pathogenicity scores for ranking purposes. These tools included SeattleSeq Annotation 134 (http://snp.gs.washington.edu/Seattle SeqAnnotation134/, for PhastCons and GERP scores), ANNOVAR (Wang et al. 2010 ) (http://www.openbioinforma tics.org/annovar/, for PhyloP, LRT and Mutation Taster Scores), Pmut (Ferrer-Costa et al. 2005 ) (http://mmb.pcb. ub.es/PMut/) and MutationAccessor (Reva et al. 2007 ) (http://mutationassessor.org/). Each tool gave a pathogenic score for each variant, and candidate variants were prioritized according to the weighted average of nine pathogenicity scores (15 % for 1-SIFT score and 15 % for PolyPhen2, and 10 % each for PhyloP, LRT, Mutation Taster, GERP, PhastCons, Pmut and MutationAccessor).
Gene prioritization
Endeavor (Tranchevent et al. 2008 ) (http://homes.esat. kuleuven.be/*bioiuser/endeavour/tool/endeavourweb.php) and ToppGene (Chen et al. 2009 ) (http://toppgene.cchmc. org/prioritization.jsp) were used with the default training parameters to prioritize the genes. A list of 14 genes with variants identified in patients with diaphragm defect was created based on the PubMed and Online Mendelian inheritance in Man as the training set (Supplementary Table 1 ).
Mutation screening and variants validation
Sanger sequencing was performed to independently confirm the potentially pathogenic variants (Applied Biosystems, Foster City, CA) in the proband and genotype all the available family members. We sequenced 96 additional CDH patients for mutations in the coding exons and splice junctions of GATA4 using primers designed with Primer3 (http://frodo.wi.mit.edu/primer3/). The human gene mutation database (HGMD) was used to identify variants in GATA4 (Cooper et al. 1998) .
Results
We studied one family with isolated CDH (Fig. 1a) . The proband is a Caucasian male of Northern European descent who was diagnosed prenatally at 20 weeks gestation with A B Fig. 1 A total of 13.1 Gb of sequence was generated and 58 % of reads were mapped to the reference human coding exome (hg19) with a mean coverage 86.6-fold. The proportion of the targeted exome covered at 89 and 159 was 94.7 and 90.6 %, respectively. A total of 30,502 SNVs and indels were detected.
Based upon the pedigree, we assumed an autosomal dominant mode of inheritance with incomplete penetrance (Fig. 1a) . A total of 24,378 SNVs were detected. We kept only the 7,438 SNVs that were annotated by SIFT or SeattleSeq as non-synonymous or located in splice sites, or in 3 0 or 5 0 untranslated regions. We then removed 7,337 variants with an allele frequency of greater or equal to 0.1 % in dbSNP135, 1000 Genomes, or ESP databases. Ninety-five variants were heterozygous. We further eliminated 24 variants that were predicted to be tolerated/benign by both SIFT and Polyphen2. The procedure resulted in 71 novel/rare and potentially deleterious heterozygous rare SNVs in 71 genes (Table 1, Supplementary Table 2 ). There were 6,124 indels that passed the quality filter. After the exclusion of variants that were present in dbSNP135, 1000 Genomes, or ESP databases and in introns or intergenic regions, 145 novel indels remained. 40 of the frameshift indels in 35 genes were predicted to cause nonsense mediated decay (NMD) by both SIFT and Mutation Taster (Supplementary Table 3) . A novel missense heterozygous SNV in GATA4 (c.754C[T; p.R252W) was predicted to be pathogenic by all the algorithms (Supplementary Table 2 ). Using the gene prioritization tools Toppgene and Endeavor, GATA4 and LAMB1 were in Top 1 and Top 2 of all the potential candidate genes (Supplementary Table 2, Table 2 ). LAMB1 (c.613C[T; p.V205 M) was predicted by the majority of the algorithms to be pathogenic. We sequenced the LAMB1 c.C613T and GATA4 c.754C[T variants in all the available family members. Both LAMB1 c.C613T and GATA4 c.754C[T variants were confirmed in the proband. However, three other family members (Paternal grandmother II.4, Father III.4, and Sibling IV.2) carry the LAMB1 c.C613T variant. The father and the paternal grandfather only carried the GATA4 c.754C[T variant. All the seven other family members had the common CC genotype (Fig. 1a, b) . The variant c.754C[T p.R252W is highly conserved across species (Fig. 2) .
Because II.3 and III.4 were the carriers for the GATA4 c.754C[T variant they were not clinically symptomatic (Fig. 1a) , we screened both of them for subclinical diaphragmatic defects with chest X-ray and then thoracic and abdominal MRI. Chest X-rays in both were normal, but both II.3 and III.4 had small left Bochdalek hernias (Fig. 3) . To independently confirm the role of GATA4 in other CDH families, we screened an additional 96 sporadic CDH patients [63 (65.6 %) isolated CDH and 33 (34.4 %) non-isolated CDH with congenital heart defect] without pathogenic CNVs or cytogenetic anomalies by sequencing all the coding exons of GATA4. Clinical characteristics were summarized in Table 3 . There was one de novo variant (GATA4 c.848G[A p.R283H) identified in a patient with non-isolated CDH (Fig. 2) . The patient is a Caucasian male with a CDH, atrial septal defect and ventricular septal defect. He had mild motor and cognitive delay at 2 years of age. The p.R283H variant is highly conservative and was predicted to be pathogenic by all the prediction tools (Table 4) . Survival status (died) 7 (7.3) 6 (6.3) 13 (13.5)
Percentages of isolated and non-isolated cases are calculated as a percentage of all CDH patients
Discussion
We used WES and functional prediction and gene prioritization analysis to identify a novel variant (c.754C[T p.R252W) in GATA4 in a familial isolated CDH case. Although the CDH phenotype was initially thought to be incompletely penetrant based upon clinical symptoms, careful imaging of the diaphragm by MRI demonstrated that the CDH defect is fully penetrant, even though two members of the family were clinically asymptomatic. This is the first report to our knowledge demonstrating the utility of examination of the diaphragm in familial cases to define the affection status anatomically. We have confirmed that GATA4 is a relevant gene for CDH in humans by independently demonstrating a de novo c.848G[A p.R283H variant in a child with CDH and congenital heart disease. GATA4 is a zinc finger transcription factor that controls gene expression and differentiation in a variety of cell types. It is located at 8p23.1-p22 where there is a recurrent microdeletion associated with both congenital heart disease and CDH (Wat et al. 2009 ). GATA4 is an important component of the retinoic signaling pathway. The retinoic pathway is implicated in numerous studies to be involved in diaphragm and lung development. A well-described animal model of CDH involves the administration of nitrofen; prenatal treatment of retinoic acid in this model results in elevated expression of GATA4 mRNA (Doi et al. 2009 ). Alternatively, disrupted Gata4 expression in mice results in both lung and diaphragm defects (Jay et al. 2007) .
However, no mutations in GATA4 alone have been previously identified in either isolated CDH or CDH with cardiac defect patients, although more than 60 missense mutations in GATA4 have been identified in patients with cardiac defects (data from HGMD Ò Professional 2011.4, Fig. 2) . The p.R252W in exon 3 is within the N-terminal zinc finger (Fig. 2) known as the GATA motif and binds to the promoter region of many genes (Arceci et al. 1993) .
Residue R252 and the surrounding amino acids are highly conserved among vertebrates, suggesting that this amino acid may be functionally important. There are 17 missense mutations in exon 3 of GATA4 (Fig. 2) , 15 of which were identified in patients with congenital heart defects (Bouchard et al. 2009; Nemer et al. 2006; Reamon-Buettner and Borlak 2005) ; c.G755C p.R252P was identified in a patient with atrioventricular septal defect (Reamon-Buettner and Borlak 2005) . The N-terminal zinc finger of GATA4 interacts with FOG2 during cardiac morphogenesis (Crispino et al. 2001) . FOG2 is an important gene in diaphragm development , and a de novo nonsense mutation of FOG2 was identified in a child with diaphragmatic eventration. Therefore, mutations in the N-terminal zinc finger may affect the interaction of GATA4 and FOG2, resulting the abnormal diaphragm development.
The p.R283H variant is located in the C-terminal zinc finger of GATA4 and was previously reported in a patient with atrioventricular septal defect (Reamon-Buettner and Borlak 2005). The C-terminal zinc finger is crucial for the interactions of GATA4 and NKX2-5 and TBX5, the two transcriptional regulators in human cardiac septal formation (Garg et al. 2003) . Mutations in C-terminal zinc finger disrupt the protein interactions or DNA binding ability of GATA4, and are highly associated with septation defects (Reamon-Buettner and Borlak 2005). All the mutations identified in the C-terminal zinc finger (Fig. 2 ) have been associated with cardiac defect (HGMD Ò Professional 2011.4). The patient with the R283H variant has both CDH and septal cardiac defects, suggesting that point mutations in C-terminal zinc finger of GATA4 are sufficient to cause cardiac defect but may not consistently cause clinically symptomatic CDH.
In summary, we provide data implicating GATA4 in a familial isolated CDH and sporadic CDH with congenital heart disease due to a de novo variant. Together with the murine evidence of the role of GATA4 in CDH development and the association of recurrent deletions of 8p23.1 including GATA4 in humans, we believe that mutations in GATA4 are an infrequent but definitive cause of CDH in human. This study also shows the power of WES to identify rare genetic variants associated with diseases in familial cases, even using small numbers of affected individuals. Ethical standards The authors declare that the experiments in this study comply with the current laws of the country in which they were performed.
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